A comparative study was designed to evaluate the identification (ID) and antimicrobial susceptibility testing (AST) performances of the BD Phoenix Automated Microbiology System (Becton Dickinson Diagnostic Systems [BD], Pont de Claix, France). A total of 305 single clinical isolates were collected, and comparisons were made with routine manual methods in use in our microbiology laboratories. The percentages of correct IDs were 93.3, 89.4, 91.8, and 85.7% for enterobacteria, nonfermenting gram-negative bacilli, staphylococci, and streptococci-enterococci, respectively. The median ID time was 3 h, and the median time for AST was 10 h 30 min. AST results showed variable percentages of errors for the different antibiotics. None of the enterobacteria and 0.3% of Pseudomonas aeruginosa isolates showed a very major error (VME). Only one strain of Staphylococcus aureus showed a VME with oxacillin. We demonstrate here the efficiency of the Phoenix system, which can be used for the majority of strains encountered in a university-based laboratory, for ID and AST.
Automation in microbiology is not an easy task because microbiology is still a discipline that requires input from laboratory staff for the interpretation of results. This is specifically the case for bacterial identification (ID) and detection of antibiotic resistance, since microbiologists are often able to identify a bacterium and its resistance phenotype on the basis of only a few parameters. However, biochemical ID and susceptibility testing require 24 h to be readable. Several factors favor the use of automatic systems in the microbiology laboratory. Reproducibility, the ability to track results, the availability of results within one working day, and reduced amounts of contaminated waste represent the main reasons. An added advantage includes an automatic connection to the laboratory informatics software, allowing better management of technician staff, an easier validation for the microbiologist with the help of an expert system, and the opportunity for the clinician to obtain partial or complete results faster, thus improving patient management. Over the last 20 years, a variety of automated systems for ID and antimicrobial susceptibility testing (AST) have been developed (12, 13, 16, 17, 27, 33, 35, (36) (37) (38) (39) (40) (41) 43) . These automated technologies allowed for the very first time complete management of ID and AST, requiring technical staff to perform only one dilution from an agar plate culture. For example, the Vitek 2 (bioMérieux, Marcy l'Étoile, France) and the BD Phoenix (Becton Dickinson Diagnostic Systems [BD], Pont de Claix, France) are new systems that automatically perform ID and AST on a manually prepared inoculum (1, 3, 6, 9, 10, 14, 15, 18, 19, 22-25, 31, 42) . Both designs possess an advanced expert system and have a potential impact on the workflow of a clinical laboratory for a typical hospital. Moreover, rapid ID and AST can have a significant impact on the management of infections, especially those caused by antibiotic-resistant bacteria (8, 36) . The continuous challenge set by a high workload and limited resources and personnel encouraged us to evaluate the new Phoenix system for the potential routine use in two typical university-based microbiology laboratories. The data we present indicate that the Phoenix system could be used for ID and AST on the majority of clinical isolates encountered in our hospitals, and we assess the potential for this automated system to be used on a routine basis in a clinical laboratory.
MATERIALS AND METHODS
Clinical strains. Between 5 and 20 October 2000, 305 single clinical isolates were studied by using the Phoenix system, and findings were compared to the results of the manual methods of ID and AST in use in our laboratories. These 305 strains included 130 Enterobacteriaceae strains, 57 non-lactose-fermenting gram-negative bacillus (NFGNB) strains, 76 Staphylococcus isolates, and 42 Streptococcus and Enterococcus isolates. The following species were included: Escherichia coli (69 isolates), Klebsiella pneumoniae (14 isolates), Klebsiella oxytoca (6 isolates), Enterobacter cloacae (12 isolates), Enterobacter aerogenes (7 isolates), Citrobacter freundii (6 isolates), Proteus mirabilis (7 isolates), Proteus vulgaris (1 isolate), Proteus penneri (1 isolate), Serratia marcescens (1 isolate), Serratia liquefaciens (1 isolate), Hafnia alvei (1 isolate), Morganella morganii (1 isolate), Providencia stuartii (1 isolate), Salmonella enterica (2 isolates), Pseudomonas aeruginosa (37 isolates), Pseudomonas fluorescens (2 isolates), Pseudomonas putida (1 isolate), Stenotrophomonas maltophilia (7 isolates), Alcaligenes xylosoxidans (2 isolates), Acinetobacter baumanii (5 isolates), Acinetobacter lwoffi (2 isolates), Aeromonas hydrophila (1 isolate), Staphylococcus aureus (42 isolates), Staphylococcus epidermidis (17 isolates), Staphylococcus hominis (7 isolates), Staphylococcus haemolyticus (7 isolates), Staphylococcus warneri (3 isolates), Enterococcus faecalis (23 isolates), Enterococcus faecium (5 isolates), Enterococcus gallinarum (1 isolate), Streptococcus pneumoniae (4 isolates), betahemolytic Streptococcus strains A, B, C, and G (7 isolates), and Streptococcus mitis (2 isolates) (the last three species were used only for ID).
Identification methods. (i) Phoenix identification. The method used for Phoenix identification was described previously (3, 10) . Briefly, the Phoenix system uses one ID and AST combination panel with the ID substrates on one side and the antimicrobial drugs on the other side of the panel. Bacterial isolates were subcultured on Trypticase soy agar supplemented with 5% sheep blood agar (bioMérieux) to ensure the exclusion of contaminants. The Phoenix ID broth was inoculated with several bacterial colonies from a pure culture adjusted to 0.5 to 0.6 McFarland standard by using a CrystalSpec nephelometer (BD). After the transfer of 25 l of the ID broth suspension to the Phoenix AST broth, the suspension was poured into the ID side of the Combo panel. Once inoculated, the panel was logged and loaded into the Phoenix Automate, in which kinetic measurements of colorimetric and fluorimetric signals were collected every 20 min. The suspension was always subcultured on Trypticase soy agar plus 5% sheep blood to ensure inoculum's purity, followed by incubation for 18 h at 37°C.
(ii) Comparative methods of identification. API systems (API-20E for enterobacteria, API-20NE for NFGNB, API-32 Staph for Staphylococcus spp., and API-32 Strept for Streptococcus and Enterococcus spp.; bioMérieux) were inoculated as recommended by the producer from the same agar pure culture.
For Staphylococcus spp. (especially S. aureus), coagulase production was used in addition to the Chapman medium (a hypersalted agar plate supplemented with mannitol [bioMérieux]). For Enterococcus spp., growth on bile-esculin, tellurite hydrolysis, and motility tests were performed.
AST. Twenty-nine antimicrobial drugs routinely tested in our laboratory were compared, including 16 beta-lactams, 4 aminoglycosides, 2 quinolones, 2 glycopeptides, and 5 other antimicrobial agents (see the tables). Breakpoints from le Comité de l'Antibiogramme de la Société Française de Microbiologie were used (4).
(i) Phoenix AST. The Phoenix AST method used was previously described (3, 10) . Briefly, the Phoenix AST broth was supplemented by one drop of Phoenix AST indicator (oxidation-reduction indicator based on resazurin or Alamar blue). From the standardized ID suspension, 25 l was transferred to the AST broth, resulting in a final inoculum density of ca. 5 ϫ 10 5 CFU/ml. The broth was then poured into the AST side of the panel. As mentioned previously, the panel was loaded into the Phoenix apparatus. For each antibiotic, a minimum of eight concentrations (serial doubling dilutions) were tested. In addition, specific detection of staphylococcus penicillinase and extended-spectrum beta-lactamase (ESBL) for gram-negative bacteria was also performed on the AST side on the respective Combo panels.
(ii) Disk diffusion method. The AST method used in our laboratories is the disk diffusion method performed as recommended by the Comité de l'Antibiogramme de la Société Française de Microbiologie (4). For the assessment study phase, Mueller-Hinton agar plates with or without 5% sheep blood (Bio-Rad, Marnes la Coquette, France) were inoculated with the same AST broth dilution. The liquid suspension was then discarded, and disks with known concentrations of antibiotic were dispensed onto the agar plate. The measure of the antibiotic zone size was performed manually or with the Osiris system (Bio-Rad). Penicillinase detection for staphylococci was performed by the Cefinase disk method (AES, Combourg, France). The methicillin resistance of staphylococci was detected by a cefoxitin disk on the agar plate and the PCR-based mecA gene method as previously described (11) . The ESBL detection was checked by a disk diffusion method set up in our laboratory. Briefly, cefotaxime and ceftazidime (broad-spectrum cephalosporins) disks were disposed at four different distances (2, 2.5, 3, and 3.5 cm) from a ticarcillin-clavulanic acid disk on a Mueller-Hinton agar plate with or without 100 g of cloxacillin/ml (4, 29) . The presence of a growth inhibition zone only between the cefotaxime or ceftazidime disk and the ticarcillin-clavulanic acid disk confirmed the synthesis of an ESBL by the bacterial isolate.
Data analysis and discrepancy resolution. For each antimicrobial drug tested by both methods, sensitive, intermediate, and resistant interpretative results were used. Category agreement (CA) corresponds to sensitive, intermediate, and resistant interpretative results matching between the two systems. Errors were classified as a very major error (VME) or a false-susceptible Phoenix result; a major error (ME) or a false-resistant Phoenix result; or a minor error (mE), i.e., with one system yielding an intermediate result and the other yielding a susceptible or resistant result (40) . VME and ME findings were subjected to repeat testing by both the Phoenix and disk diffusion methods. Similarly, isolates with ID discrepancies, i.e., a different ID rendered by the Phoenix method compared to the API systems, were retested by using both Phoenix ID and the API ID methods. Discrepant isolates were then sent to the Reference Center Laboratory (Pasteur Institute, Paris, France) to ascertain species IDs by using additional biochemical tests and 16S RNA sequencing.
RESULTS

ID results
. Of the 305 isolates tested during the present study phase of the Phoenix system, a concordant ID to the species level was obtained in 92.5% of cases. Enterobacteria and NFGNB showed a concordant result in 94.6 and 89.4% of cases, respectively (Table 1) . Seven enterobacterial strains and six NFGNB showed a discordant Phoenix result with that of the respective reference method ( Tables 3 and 4 . The overall agreement was 94.7%, the VME rate was 0.22%, the ME rate was 0.43%, and the mE rate was 4.65%. For gram-negative bacteria, the overall agreement rate was 91.4%, the VME rate was 0.08%, the ME rate was 0.80%, and the mE rate was 7.72%. For gram-positive bacteria, overall agreement rate was 98.66%, the VME rate was 0.39%, the ME rate was 0%, and the mE rate was 0.95%.
High mE rates were observed mainly for ␤-lactam antibiotics and gram-negative bacteria. For E. coli the mE rates for cephalothin and amoxicillin-clavulanic acid were 21 and 19%, respectively (Table 3 ). For P. aeruginosa, the VME and ME rates for ceftazidime were 3.4%, and the mE rates for ticarcillin, piperacillin, piperacillin-tazobactam, cefepime, ceftazidime, and aztreonam were 43.3, 23.3, 20, 30, 23 .2, and 63.3%, respectively. For staphylococci, a VME rate of 0.33% was obtained due to a failure to detect the penicillin resistance in one strain and oxacillin resistance in two other strains, as confirmed by the detection of PBP2a. Staphylococci and enterococci produced mE rates for teicoplanin and vancomycin of 9.6 and 4.5%, respectively.
DISCUSSION
Current practice developed by technical staffs and microbiologists has led microbiology laboratories to rely on each individual's experience; these individuals use their own standards together with recommendations from scientific societies to interpret ID and AST results. The development of automated systems with in-built expert systems has allowed an increase both in the reproducibility and in the reliability of the results and consequently the quality of the results. These systems have also modified daily working practice, providing the ability to communicate early provisional results to the clinician. The workload demands in our microbiology laboratories have evolved dramatically, which, along with the fact that the measurement of zone sizes is tedious, time-consuming, and sensitive to transcription errors, has led us to promote the use of an automated system for ID and AST (the BD Phoenix system) with an associated software station (EpiCenter [BD]). ID and AST results obtained during the assessment study phase have confirmed robust performances of the Phoenix. Discrepant ID results by both methods were always confirmed by additional biochemical tests and 16S RNA sequencing (see Materials and Methods). The essential agreement rates for ID were nearly 92% for all isolates tested and 95.6, 100, and 100% for E. coli, P. aeruginosa, and S. aureus, respectively. Mistakes or misidentifications observed with E. coli were essentially due to a software problem in the first version of the Phoenix system. This has forced us to use selective agar media to differentiate between lactose-positive and lactose-negative gram-negative bacilli for the control of the inoculum's purity. With the exception of the misidentifications observed with E. coli isolates and of a C. brakii identified instead of an Enterobacter cloacae, misidentifications were always at the species level only or in species for which too few representatives were tested for a rigorous assessment. Unambiguous separation of NFGNB, such as Acinetobacter spp. (2), requires a complex battery of phenotypic tests not often present in an ID panel. In addition, NFGNB represent several species for which a slow-growth or a mucous aspect is observed; this often represents a handicap for rapid ID methods (3, 9, 19) .
Essential agreement rates for coagulase-negative staphylo- CA mE ME VME CA mE ME VME CA mE ME VME AMX 95. CA mE ME VME CA mE ME VME CA mE ME VME Comparison of the AST results also demonstrated the performance of the Phoenix automatic system. Considering the total number of AST performed, an overall CA of nearly 95% was found, above the 90% minimal performance requirement (40) . Similarly, low ME (0.43%) and VME (0.22%) rates, compared to the 3 and 1.5% established minimal performance requirements (40) , were found. In addition, results were obtained in less time than by the disk diffusion method. No VME was observed, except for ceftazidime and P. aeruginosa, without any therapeutic consequences since, at the time of the study, only disk diffusion results were communicated to the clinician. The high rate of ME or mE for P. aeruginosa and ␤-lactam antibiotics such as ticarcillin, ticarcillin-clavulanic acid, and aztreonam was mainly due to improved detection of the efflux resistance phenotype (7, 19, 26) by the liquid medium. In comparison, MEs or mEs for piperacillin or piperacillin-tazobactam were due to a false interpretation of the presence of a penicillinase in such P. aeruginosa isolates with an efflux resistance phenotype not detected by the disk diffusion method. It is difficult to define reference phenotypes of resistance to beta-lactams in P. aeruginosa because the expression of the efflux pumps greatly influences the MICs of penicillins, cephalosporins, and carbapenems (30, 34) . Moreover, the influence of other factors, such as altered PBPs, is largely unknown (5) . Finally, a high ME rate for cefalothin and E. coli was observed, and similarly for amoxicillin-clavulanic acid. This was due to the detection of the low level of expression of the natural cephalosporinase (AmpC) from E. coli (20, 21, 28) in liquid medium.
The absence of VME for gram-positive cocci was observed, with the exception of staphylococci. These VMEs were observed mainly for oxacillin and in fact represent the limit of detection of the mecA resistance phenotype by the Phoenix automate and by other methods by using oxacillin as the key antibiotic for the detection of the methicillin resistance (10, 11, 44, 45) .
In conclusion, the present study demonstrates the efficiency of the Phoenix system, which can be used for the majority of strains encountered in a university-based laboratory for ID and AST. Its association with an expert system and a database system has improved the workflow and the validation of AST results.
